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We study high-stress SiN films for reaching the quantum regime with mesoscopic oscillators connected to 
a room-temperature thermal bath, for which there are stringent requirements on the oscillators' quality factors 
and frequencies. Our SiN films support mechanical modes with unprecedented products of mechanical quality 
factor Qm and frequency Um reaching Qmi^m — 2 x lO'^^ Hz. The SiN membranes exhibit a low optical 
absorption characterized by Im(n) < lO^'' at 935 nm, representing a 15 times reduction for SiN membranes. 
We have developed an apparatus to simultaneously cool the motion of multiple mechanical modes based on a 
short, high-finesse Fabry-Perot cavity and present initial cooling results along with future possibilities. 



Progress towards observing quantum fluctuations of a 
mesoscopic mechanical oscillator has accelerated with the re- 
cent successful use of cavity light forces to damp and cool me- 
chanical motion [1]. This use of radiation pressure in optome- 
chanical systems combined with cryogenic precooling will 
likely soon allow ground state cooling, with a variety of re- 
cent experiments demonstrating phonon occupations n < 100 
Essential to this effort has been the development of ultra- 
high Q mechanical oscillators that are compatible with low- 
loss optical systems where radiation pressure dominates over 
photo thermal effects. 

An enabling advance in this field would be to push capa- 
bilities of optomechanics to an extreme where quantum lim- 
its could be achieved in the presence of a room temperature 
thermal bath. Cryogen-free operation would greatly facilitate 
the integration of mesoscopic quantum mechanical oscillators 
into hybrid quantum systems. For example, using cold atoms, 
mechanical oscillators could be coupled to atomic motional 
states or spin thus linking to a rich quantum optics toolbox 
islHl- Via projective measurements utilizing atomic ensem- 
bles quantum effects could also be recognized without achiev- 
ing full ground state cooling fsl). Moreover, the capability for 
simultaneous coupling to multiple mechanical modes could 
enable the generation of multipartite entanglement among me- 
chanical and optical modes ||6[]. 

A promising optomechanical platform introduced at Yale is 
a geometry in which a flexible SiN membrane with excep- 
tional mechanical properties is coupled to a standard high- 
finesse Fabry-Perot cavity |lZ»&5]- In this Letter we demon- 
strate that SiN membranes can be optimized to realize one of 
the key minimum requirements for approaching ground state 
cooling from room temperature, namely a mechanical qual- 
ity factor Qm larger than the number of room temperature 
thermal phonons, i.e. Qm > Ut = kbT^-oom/fii^m ifioll . 
We realize an optomechanical system in which cavity cool- 
ing can be applied to multiple higher-order modes of these 
films. This system is based on a short high finesse fabry-perot 
with a small mode waist (Fig. [na,c)) and displays low optical 
absorption and scattering at a wavelength of interest for cold- 
atom systems QBIltl- We analyze the prospects for accessing 
quantum effects from room temperature in this new regime. 

SiN under tensile stress has been recognized for some 
time for its unusually low mechanical dissipation, particu- 
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FIG. 1: (a) Experiment schematic: Membrane window in a short 
cavity, (b) Illustration of {j, k) = (3, 3) membrane mode amplitude 
ajk- (c) Optical mode il){x,y) (red solid line) compared to mem- 
brane modes [j, k) = (2, 2) (top) and (6, 6) (bottom) for a 0.5 mm 
X 0.5 mm square membrane. 



larly among amorphous materials Jsl [III 12, JJ]. Recent 
optomechanical experiments with SiN membranes used the 
fundamental mode of a 1 mm low tensile stress film with 
Qrn = 1.1 X lO*" at = 277 X 130 kHz fl]. In our exper- 
iments we use a SiN film in its stoichiometric form, Si3N4, 
which naturally has a large tensile stress of T ~ 1 GPa. We 
use sub-mm membranes and focus on the high-order modes 
(as illustrated in Fig. [lib)); this along with the increased ten- 
sion allows us to increase the resonant frequency of our me- 
chanical mode significantly over the mode cooled in Ref. fl. 
This method of using tension to increase the frequency of me- 
chanical modes while maintaining low dissipation has been 
recognized as an important tool for seeing quantum effects in 
a variety of mechanical systems Isl ll l[ll4lll5 l. 

Specifically, we use 50 nm thick LPCVD nitride mem- 
branes from Norcada Inc in a square geometry of size dx d = 
0.5 X 0.5 mm. We characterize the mechanical quality factor 
by monitoring the ringdown of the mechanical excitation as a 
function of time (Fig. |2] (inset)). To probe the excitation we 
use an etalon formed between the membrane and a partially 
reflective mirror. The entire setup is placed under vacuum at 
10"^ Torr. 

In Fig. |2] we plot the measured Qm as a function of 
mode frequency; these mode frequencies are consistent with 
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FIG. 2: Mechanical quality factors of Si3N4 films measured as a 
function of resonant frequency for diagonal (j — k) modes. Three 
different data sets are represented: Membrane frame comers resting 
on a curved surface (open circles), membrane frame glued at three 
corners (closed circles), membrane frame glued over the full frame 
(green triangles). The solid black line is a guide to the eye of the max- 
imum Qm realized. The grey shaded area represents a Q-frequency 
product less than kbTroom/h = 0.6 x 10^'' Hz. The dashed blue line 
is an estimate of the thermoelastic limit based upon an extension of 
Zener theory for a thin plate at room temperature (Tl fTTlfT^ . (inset) 
Representative mechanical ringdown for the (8,8) mode at 6.6 MHz. 



T ~ 0.9 GPa, a film mass density of p = 2.7 g/cm'^ 
ifTlll . and the expectation of iyrnij,k) — cumij, k)/2TT = 
\/T/ApcP^y p + k^, where j and k are mode indices. The 
highest quality factor observed reaches Qm = 4 x 10^; the 
(5-frequency product {QmVm) reaches 2 x 10^^ Hz and ex- 
ceeds 1 X 10^'^ Hz over a wide range of frequencies from 2 to 
12 MHz. The three sets of points in Fig. |2]represent separate 
trials in which a new membrane was mounted in the appara- 
tus in specific ways. Variation between trials is likely due to 
mechanical coupling between the membrane and the mount- 
ing structure. In addition to these three representative sets we 
have mounted and characterized dozens of other membranes. 
Based upon our body of results, we infer that mounting tech- 
niques that utilize the least contact to the frame allow us to 
realize the highest quality factors. 

Our Q-frequency products clearly extend above the grey- 
shaded region in Fig. [2] which represents a Q-frequency prod- 
uct less than k\jTroom/h. High-stress Si3N4 was previously 
used to create membranes with Q-frequency products reach- 
ing 0.08 X 10^^ Hz and long nanostrings reaching 0.7 x 10^"^ 



Hz III IL 11211 . Our measured products surpass these results 



and achieve a greater than 10 fold improvement over room- 
temperature optomechanical systems in which cavity cooling 
has been implemented thus far (see for example Refs. ifs, 171). 
Furthermore, our results illustrate that these amorphous os- 
cillators approach the thermoelastic limit iflill and support 
Q-frequency products that rival the best observed at room 
temperature in single-crystal materials and diamond (see Ref. 
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FIG. 3: Measured cavity finesse F as a function of membrane po- 
sition Az about the center of the cavity (black circles). Absent the 
membrane the finesse is _Fo = 9160. The shaded regions repre- 
sent the envelope of the calculated finesse variation for Im(n) = 
0.6 X lO^'' (red) and Im(n) = (green) for comparison. (Insets) 
Examples of the local dependence as a function of Az compared to 
theoretical curves for Im(n) = 0.6 x 10""". 



1 1811 for a summary). 

To cool the higher-order modes of these membranes, which 
have the best Q-frequency products, we must be able to se- 
lectively probe individual antinodes of these modes within a 
high-finesse cavity (Fig. [TJajb)). We create a small mode spot 
size by using a short Fabry-Perot cavity (L = 0.74 mm) with 
small radius of curvature mirrors (Rc = 5 cm). This results 
in a TEMoo optical mode with a 1/e^ diameter of 2wi^ =71 
jjm at our chosen wavelength of Ao = 935 nm, which is a 
"magic" wavelength for trapping of atomic cesium lll9ll . In 
Fig- HIc) this mode size is compared to the mechanical exci- 
tation, given by ajk{x,y) = a z sin {jnx/d) sin (fcTry/d). 

Another important feature of our optomechanical system is 
the absorption properties of our Si3N4 films. We measure the 
absorption by studying the effect of the membrane on the cav- 
ity finesse 191]. Fig. |3]shows the finesse F measured in trans- 
mission through the cavity as a function of membrane position 
Az. The measured F is modulated as a function of membrane 
displacement, Az, with a short periodicity of Ao/2 set by the 
cavity standing wave (insets to Fig. |3]l, as well as on the larger 
scale of L /2 with respect to the cavity center {Az = 0) with 
the envelope of modulation of F exceeding the bare cavity fi- 
nesse Fo = 9160. These effects can be understood in terms of 
the eigenmodes of the composite cavity with Im(n) = 0, for 
which the ratio of intracavity field amplitudes Ai^r on the left 
and right of the membrane varies periodically with Az. For 
a membrane with reflectivity R„i = 1 — e with e ^ 1, the 
limiting values for the envelope of the finesse variation will 
be approximately Fi^r — Fo{l± 2Az/i), while for — 0, 
the variation of finesse approaches zero. Our membrane with 
Rm ~ 0.18 lies between these extremes, for which the nu- 
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FIG. 4: Demonstration of cavity cooling of the (6, 6) (red circles) 
and (1,1) (grey squares) modes with frequencies and initial quality 
factors of i/^ = 4.82 MHz; = 1.5 x 10'' and = 0.80 MHz; 
Qm ~ 5.8 X 10*, respectively, where Qm is measured via ringdown. 
For these data the cavity output power at resonance is fixed at P^^^ — 
10 i-iW. The representative error bars show the uncertainty due to 
our knowledge of g. (a) Measured mode temperature (points) and 
theoretically expected cooling (lines) as a function of detuning A 
from the cavity resonance, (b) Corresponding measured effective 
mechanical linewidth and theoretical expectation. 



merical solution shown in Fig. [3]has been obtained ||2C 

We have calculated the expected F measured in transmis- 
sion for arbitrary Az assuming a real index of n = 2.0. A 
one-parameter fit of the data to our model (Fig. [3]l reveals 
absorption corresponding to an imaginary part of the index 
of Im(n) = 0.6 x 10^^ for our films, assuming scattering 
losses are negligible (Fig. [3]). The data with |Az| > 50 /im 
are more consistent with Im(n) as high as 0.9 x 10^^, which 
may be a manifestation of alignment effects. These values are 
15 — 25 times lower than recently observed with low-stress 
nitride , but consistent with studies that show that SiN 
can have absorption as low as Im(n) < 10~^ in the near-IR 
|2]||22|]. Decreasing absorption is important for reaching the 
full quantum Umit of motion detection lEsIl and is required for 
achieving the large linear coupling and high finesse required 
for strong coupling between one atom and a membrane j^. 

In our high-finesse cavity we have realized radiation pres- 
sure cooling of a number of high-order membrane modes. 
Figure |4] demonstrates simultaneous cooling and damping of 
the (1,1) and (6,6) modes as a function of the detuning 
A = u!l — ujc of an input laser field, where ujl and ujc are the 
laser and cavity resonance frequencies respectively. To cool 
the membrane we use light from a diode laser at 935 nm. We 
probe the membrane's displacement by monitoring the am- 
plitude modulation of the cooling light transmitted through 
the cavity off resonance. We calculate the membrane motion 

for a mode at uim via {a1)^^ 



(7/2) 
— 7^ 



where 



i{A) is the dc photocurrent at detuning A and is the 

rms photocurrent fluctuation obtained by integrating the noise 



spectrum over a lorentzian peak centered at Wm- -ff(wm,A) = 
A'^S+S- is a dimensionless factor for the cavity response at 
arbitrary detuning, where 5^ = 7/[(a;„i±A)^ + (7/2)^]. The 
membrane coupling is described by g, which for operation at 
optimal linear coupling is Q.^brjjkLOc/ L. The factor of 0.85 is 
related to the reflectivity of the membrane [7], whereas rjjk = 
\ J J dx dy '4>{x, y) ajk {x,y)/az \ accounts for the mode over- 
lap (Fig. [He)) Q. HereV(a;,?;) = (2/7rw^)cxp(-2rVwo)' 
and ajk{x, y) is the membrane mode function discussed ear- 
lier. We operate near the center of a (6,6) antinode at a dis- 
tance of {Sx, 5y) ~ (45 /im, 120 fim) from the center of the 
(1,1) mode; here rjee ~ 0.63 and 7711 ~ 0.69, where these val- 
ues are known at the 10% level. The mode temperature in Fig. 
Ufa) is then extracted from the integrated mechanical response 
via (a^)jj^ = kfjT/ nieU)^, where the effective mass me is i 
the physical mass for all modes. The temperature measured at 
large detuning agrees with our expectation for room tempera- 
ture operation to within the uncertainty. 

We can compare the observed cooling to our expectation 
based upon a simple cavity-cooling model relevant in the limit 
of weak coupling (lines in Fig. |4|. We operate in a regime 
where the optical Unewidth 7 = 27r x 25 MHz (FWHM 
for F = 8100) is somewhat larger than oj^n, in between 
the so-called bad and good cavity limits ifioi l25i I26I1 . Here 
the full expression for the cooling rate is given by 7opt = 



2 2 I 

7 Xzp\Oi\ 



where 



^Jh/2nieLo„L and 



as 



The calculated effective damping rate 



the effective intracavity photon number, which we estimate 

huo (7/2)^+Aa- 

7cff = 7?ri + 7opt and the expected temperature in this regime 
T — Tloom7m/7cff follow the trend of the data. 

We have investigated the cooling theoretically achievable 
for our realized parameters. Strictly, full ground state cooling 
requires nrjin ^ 7 ^ i^m, i-C- fully resolved sidebands and 
an oscillator with a large enough Qm to allow the required 
damping. For our results it is most relevant to consider instead 
the case fiTjm ^ 7 ~ and track the results into a regime 
of strong cooling, characterized by geg = gxzpct > 7 ifioi 



27|,|28D. We thus calculate the expected phonon occupation n 



based on an exact solution to the coupled equations of motion 
ifioi I29I1 and integrate over the spectral function Sbbi^^) ~ 
J dte''^* {h'^ (t)b) where + b^z. 

Figure|5la) shows the calculated phonon number as a func- 
tion of the cooling strength for the realistic parameters: Q„i = 

4 X 10'^, l^m = 5 MHz, A = -UJjn, flT = febTi-oom/fii^m = 

1.2 X 10^, and 7 = 27r x 5 and 1 MHz (see caption). Figure 
|3a) shows reaching n ^ 1 from room temperature is theoret- 
ically achievable for demonstrated parameters before reach- 
ing the static bistability point (pcff = for 7 <C LOm) 
130(1 . Another outstanding goal is achieving strong coupling 
between a ground state mechanical resonator and the cavity 
field IioIIztI 281. Figure |5jb) illustrates the spectral function 
S'hf,(w) as a function of the cavity linewidth for g^s = 27r x 1 
MHz. The normal-mode spUtting indicative of strong cou- 
pling appears for phonon occupancies near unity. 

Observing quantum effects of a mesoscopic oscillator cou- 
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FIG. 5: (a) Calculated achievable phonon number as a function of 
coupling strength g^s for parameters described in the text. The solid 
hne is for a cavity with 7 = 27r x 5 MHz and the dashed line for 
7 = 27r X 1 MHz. The green line would result for 7 = 27r x 5 
MHz upon increasing Qm to 4 x 10^, which may be possible for 
a thinner SiN film, (b) Emergence of normal-mode splitting as the 
cavity linewidth is varied for fixed mechanical frequency = 27r x 
5 MHz and coupling geff = 27r x 1 MHz. The exact spectrum Shhiy^) 
is displayed in this density plot where zero weight corresponds to the 
blue shading and white to maximum mechanical response. The lines 
mark the position of the parameters used in (a). 



pled to an ambient thermal bath would be a significant ad- 
vance. Future work should address experimental challenges 
to achieving the occupations shown in Fig. |5] such as reduc- 
ing laser phase noise and mitigating the thermal noise of the 
Fabry-Perot cavity substrates 1310 . However, to implement 
a full range of quantum protocols with these oscillators one 
must achieve occupations n ^ 1. This will require higher 
Q-frequency products or lower initial thermal occupation, as 
illustrated by the green line in Fig. |5ja). Realizing even higher 
room temperature Q-frequency products than those shown in 
Fig. [2]will be a subject of future investigation, where we note 
one limitation to consider is thermoelastic dissipation (dashed 
line in Fig. |2|. Further, we note that recent results in Ref. 11311 
indicate that, unlike amorphous Si02, the dissipation in SiN 
films decreases monotonically from room temperature down 
to ~100 K, where liquid nitrogen can be used for cooling. 
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